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Abstract 
A new concept of a flow unit (people travelling concurrently at the same speed) is introduced to explain the variance in predicted 
evacuation times that exists when using density correlations. Within the flow units, the first person is found to be setting the pace 
for the other members of the flow unit. Five different types of flow units are identified based on the behavior of the first person in 
the flow unit. By properly identifying flow units, the predicted movement speeds of the building occupants are significantly more 
accurate. 
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1. Introduction 
In the event of a fire or other hazardous situation, building occupants can be required to evacuate the building. 
The egress paths need to be designed in order to ensure that all occupants reach a point of safety before conditions 
become untenable. To do this, the required safe egress time (RSET) must be less than the available safe egress time 
(ASET). 
For calculating RSET, the Gwynne and Rosenbaum (2008) chapter of the SFPE Handbook provides equations for 
the speed based on the density and type of egress components. However, Peacock et al. (2009) found that density in 
combination with other variables only explained 13% of the variance for people descending stairs. Some other 
factor(s) are needed to explain most of the variation between the observed and predicted descent rates. 
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One possible factor is the interaction(s) that people have with each other. As a single person enters an egress 
component, their interactions with other people will determine the speed that they are able to evacuate. If there are 
no other people in the egress component when they enter, the person will be able to set their own pace. Conversely, 
if there are other people there, then the person will have to interact with those other people. The person could choose 
to move faster than the other people, move at their pace, or move slower. This person’s actions will then influence 
how subsequent people that enter the egress component are able to move. 
While each individual is making their own decisions, the decisions are not necessarily based on just the 
capabilities of that individual. They could be moving with a group of people that they know before the incident or 
choose to stay with people that they have just met. They are also faced with decisions about whether they should 
allow other people to merge into the flow. All of these decisions can lead to slower (or faster) evacuation times than 
would be expected simply based on the density. 
The approach used in this paper to address part of unexplained variance is to identify flow units within the larger 
flow. The flow units are based on the interactions of individuals with the other building occupants. Within each flow 
unit, the descent rate is constant for all individuals (the rate of the first person) regardless of the density that they are 
personally experiencing. 
This paper will focus on people using one particular egress component, the stair. Three buildings will be 
examined that had a range of densities from people in isolation to the stairs being sufficiently crowded to cause the 
flow to come to a complete stop. Flow units are found to be present in all of the different density levels and explain 
most of the variation between the predicted and observed descent rates for the follows located within the flow. 
2. Previous research 
Most of the previous work involving predicting movement speed based on density has not considered other 
interactions between the building occupants. The National Bureau of Standards (1935) and the London Transport 
Board (1958) used the total area to calculate density based on the number of persons per unit area. Pauls (1980) used 
an effective area and this approach is still currently used (e.g., Proulx et al. (2007)). Predtechenskii and Milinskii 
(1978) proposed calculating density based on the ratio of the projected area of occupants compared to the total area. 
While the units are different, the basic concept remains that the movement rate is dependent on the spacing of all the 
people. 
Fruin (1971) used the same basic density measurements (the inverse of persons per unit area) to predict the 
movement rate of people. However he also grouped density measurements into six different Levels of Service. Each 
level of service was described based on how free people were to choose their own movement rate. For example, 
Level of Service A was described as occupants being able to move at their own speed and the presence of other 
people having no effect on the egress time. Level of Service F was described as occupants being in contact with one 
another and their movement reduced to shuffling (this level was not recommended for design). While qualitatively 
accounting for interactions with other occupants, it still was quantitatively based on the number of persons within a 
given area. 
While still relying on the persons per unit area approach, some authors have identified cases where interactions 
with other occupants led to slower than expected descent times. Specifically, they have noted that the movement 
rates of building occupants behind slower individuals can be less than the rates for building occupants ahead of 
them. Shields et al. (1997) observed a building evacuation that involved a disabled individual that was assisted while 
descending the stair. According to the authors, there was approximately 0.4 m occupants could use to pass, but they 
chose not to. The authors then proposed two different speed and density equations. One was for the occupants ahead 
of the disabled individual and the other was for the occupants that were behind. Proulx et al. (2007) observed an 
office building evacuation. In one stair, two occupants with limitations were observed that moved slower than the 
rest of the crowd. A gap formed in front of these two individuals, but no one overtook the two individuals in 
question. 
Other theories and observations regarding interactions could be used to better explain some of the effects related 
to people moving in ways dependent on more than just density. During building evacuations, people have been 
observed to form convergence clusters with people they did not know before the incident (Bryan (1985)) and to stay 
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behind people that they had the room and physical ability to pass that they did not know before the event (Shields et 
al. (2009)). 
One theory is that the arrangement of people could be similar to platoons. Platoons are short bursts of increased 
density caused by effects like stoplights or the simultaneous appearance of a greater number of people to use a 
particular stair or walkway. In studies of movement speeds in New York City, Pushkarev and Zupan (1975) found 
that platoons tended to have durations between 5 s to 50 s for travel on sidewalks and up stairs from subway stations 
(no data was collected for travel descending stairs).  On sidewalks, on average, 35 to 84% of pedestrians were in 
platoons.  For stairs, the values increased to 75 to 95%. After studying more than 700 platoons at four sites in West 
London, Robertson (1969) found that platoons would spread in time exponentially. 
Another possible explanation for some of the effects comes from car-following theory. Brackstone and McDonald 
(1999) describe the interactions between adjacent cars in a single lane of traffic. In this theory, subsequent cars 
accelerate to match the changes in speed of the previous cars or attempt to keep a safe spacing. There is some delay 
in the rate at which the second driver can respond. Applying this theory to people descending stairs would result in a 
slower moving occupants setting the pace for the other occupants behind them. The followers would change their 
speed to match the person ahead of them.  
3. Description of study 
The data used in this study comes from raw data provided by the National Institute of Standards and Technology 
(Kuligowski and Peacock (2010)). Observations from three office buildings (Building 4, 5, and 8) are included in 
this study. These buildings had higher densities and many occupants were required to stop during their movement in 
the stairs. Cameras were typically located on every other floor. Occupants were recorded based on when they entered 
and left the field of view of the camera. The details of these buildings are provided in Table 1. 
Table 1. Buildings 4, 5, and 8 characteristics. 
Characteristic Building 4 Building 5 Building 8 
Location West Coast West Coast East Coast 
Building Height (stories) 24 10 30 
Steps per Story (typical) 20 22 18 
Stair Width (m) 1.12 1.27 1.38 
Riser Height (cm) 17.8 17.8 17.8 
Tread Depth (cm) 27.9 27.9 27.3 
Direction of Turn Dextral/Dextral Dextral/Dextral Sinistral/Dextral 
Persons Observed 622 807 1203 
# of Observations 3439 2492 9712 
# of Data Points 2818 1685 7369 
 
All of the drills were conducted during working hours and required the entire building to evacuate. Most of the 
people that were present were adults that were working at or visiting the building. The data collected did not indicate 
whether or not there were people with movement disabilities present. There were no known conditions within the 
buildings that would lead to different results than would be expected in any other high-rise office buildings located 
within the United States. 
The travel distance for the occupants was calculated by the arc method proposed by Hoskins and Milke (2012). 
The time was calculated between adjacent cameras. The density was calculated based on the effective stair width and 
the area on the landing was calculated to correspond to the arc travel path being located along the centerline. As 
shown by Hoskins (2013), this results in a more accurate prediction of density than other commonly used methods. 
The average speed between observation points for all occupants was 0.53 m/s (standard deviation 0.22 m/s). 
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4. Identification of flow units 
The data was initially divided to identify the different flow units. This required examining the separation between 
occupants as well as their interactions with the people that were located near them in the stairs. The first person in 
each flow unit was identified as the person descending ahead of all other occupants within the flow unit and the 
subsequent people were identified as followers. 
At each camera position, the distance from an occupant to the occupant descending ahead of them was recorded. 
The critical distance between occupants was selected based on the work of Hall (1966). He found that the distance 
people space themselves on level ground when carrying on a conversation is approximately 1.2 m. Beyond this 
point, people were found to not be engaging with the other people around them and were acting independently. This 
would equate to approximately three to four treads. Also, the distance corresponds to a Level of Service B where 
occupants can move at their own free speed (Fruin (1971)). Using the assumption that the occupants within this 
range were having an influence on one another, the flow units were defined based on occupants that were within 
three treads of each other for each observation. 
After the occupants were divided into flow units based on following distance, the interactions with other 
occupants were then used to refine the definition of flow units. While the exact motivation for the behavior could not 
be identified based on the data, the resulting behavior could be. 
The first two subdivisions were made based on people that were acting aggressively. As discussed previously, 
multiple studies have observed people that choose not to pass slower moving individuals even if there is sufficient 
space to do so. A person that chooses to pass, contrary to what has been observed in other instances, is considered to 
be acting aggressively. This corresponds to the patience of the occupant included in some egress models 
(Kuligowski et al. (2010)). As one flow unit passes another one, the passing flow unit is being more aggressive than 
the one being passed. This could be caused by the faster flow unit being aggressive or the slower flow unit being 
passive. 
The third subdivision is when the first person in the flow unit allows other people to merge in ahead of them 
(after having been within three treads of the previous flow unit at the preceding observation location). Three 
different types of merging are possible. In the first, occupants in the stairs defer to occupants entering the stairs 
(Pauls and Jones (1980), Proulx et al. (1996) and Shields et al. (2009)). In the second, occupants on the floors defer 
to those already in the stair (Hostikka et al. (2007)). The third type is where neither defers and the occupants on the 
floor and already in the stair split evenly. In this study, only the first and third type of merging is recorded. The 
actual merging behavior is not presented in the data, but the assumption is made that the person behind the new 
individual is the one that allowed them to enter. 
The fourth subdivision of the flow units is when the flow unit is clear of other flow units at one camera location 
and has joined with another flow unit by the next camera location. These flow units are moving faster than the flow 
units ahead of them. However, when they contact the flow unit ahead of them, they change their descent rate to 
match that of the previous flow unit (essentially becoming one large flow unit). Thus, these flow units were 
subjected to congestion within the stair. These flow units will be the reference case for the other flow units that 
interacted with other building occupants. 
The remaining flow units are ones that did not have any of the interactions described above with other individuals 
as they descended. These flow units can be described as one that were experiencing free-flow conditions. Because 
there people did not have any interactions, they were able to freely set their own pace. 
5. Results 
Based on the traditional relationship between speed and density, the data for the occupants in Buildings 4, 5, and 
8 is shown in Fig. 1. 
As expected, there is a correlation between speed and density. The speeds are slower at higher densities. However 
there is still a large amount of scatter in the data and the R2 value is only 0.26. Even with the improved density 
measurements that were used, 74% of the variance remains unexplained. The density alone does not sufficiently 
predict the speed of the occupants. 
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Fig. 1. Effective Speed vs. Effective Density- Fitted Curve for Buildings 4, 5, and 8. 
To explain the variance, the occupants were placed into flow units that were defined as discussed in the previous 
section. Specifically, 6,909 data points classified as followers, 825 as first persons passing, 966 as first persons being 
passed, 278 as first persons allowing occupants to enter the flow, 1,299 as first persons experiencing congestion, and 
1,567 as first persons experiencing free-flow. 
The theory underlying this division is that the followers are descending at the rate of the person ahead of them 
regardless of the density that they are experiencing. The speed of the followers is compared to the first person in 
their flow unit as shown in Fig. 2. 
For Buildings 4, 5, and 8, the R2 value for the followers when their descent rate is assumed to be the same as the 
first person in their flow unit is 0.93. The data points generally follow the theoretical line with small variations above 
and below the theoretical line. This prediction method is more accurate than predicting the followers speeds based 
on density. 
While the followers constitute a majority of the data points, the speeds of the first persons in the flow units also 
need to be determined. When controlling for all other variables, the speeds of the different flow unit types interacting 
with others were found to be statistically different at the 95% confidence level. The occupants that were passing 
were moving statistically faster followed by those that experienced congestion (reference case), those that allowed 
merging, and those that were passed. The predictions of these speeds results in an R2 value of 0.86. As was the case 
with the followers, the predictions are much better than the predictions based on density. 
6. Discussion 
Previous researchers have found that speed can be predicted by density. That general trend is observed in this 
data. However those predictions are of limited value. As was shown, the density is not a stronger predictor of the 
movement speed for an individual with this data set or data sets that other researchers have used. These correlations 
are relatively poor at explaining most of the variation in the data. 
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Fig. 2. Predicted vs. Actual Values for Followers in Buildings 4, 5, and 8. 
The density equations are based on the assumption that all individuals interact with the people around them in the 
same manner. Every person will simply move at the speed dictated by how many other people are around. There is 
no consideration to how people interact. In reality, people are interacting with each other. The ways that the people 
interact leads to the development of flow units that are moving at speeds that are not solely a function of the 
concentration of people. 
In an attempt to better predict the rate at which occupants are descending, the population was divided into five 
different types of flow units. The first were ones where the members of the flow unit were passing other flow units. 
The second ones were instances when the flow unit was being passed. The third flow units were cases where the first 
person let other occupants enter the flow. The fourth flow units were instances where the first person in the flow unit 
joined with a previous flow unit. The final type of flow unit was one where the first person was experiencing free-
flow conditions. Within each flow unit, the first person is setting the pace for all of the followers. The best method 
for predicting the descent rate of the followers is to use the value for the first person in the flow unit. This method is 
significantly more accurate than assuming that their pace is determined by density. 
Much of the difference between the predicted and observed values of the followers in this study can be explained 
based on the measurement method. The cameras were at fixed locations within the stair and a person was recorded 
as entering and leaving the stair the moment that they crossed a line within the field of view. For the followers’ 
speed based on the first persons’ speed, all of the data points that were the largest outliers appear to occur when the 
first person just crosses the exit point for the floor before joining a queue. Had the exit point been shifted, then the 
speeds would have been approximately the same. Thus, most of the variance is caused by an artifact of the data 
collection. If the data was collected within the moving flow of people, then the R2 value for the followers descending 
at the same rate as the first person would be nearly 1. 
The followers appear to be behaving consistent with car following theory rather than density. While in the stairs, 
the followers simply match the speed of the person ahead of them. They do not pass even when there is sufficient 
space to do so. From the data, it is not possible to determine what the cause of this choice is. Potential causes could 
be that they are part of a social group and want to stay with their acquaintances or it could be a societal convention to 
stay in their place in line. 
For the first persons in the flow unit, car following theory does not directly apply. Instead, platoons formed as 
there were surges in the flow based on the speeds of the first persons. In this case, the person is choosing the speed 
that they want to descend at. The interactions with other occupants are directly related to the speed at which the flow 
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unit descends. The significance of the difference in the descent rate for the different types of flow units indicates that 
they are behaving in distinctly different ways. 
The passing flow units were moving significantly faster than all of the others while the passed flow units were 
moving significantly slower than the rest. This indicates that passing behavior occurs when there is a substantial 
difference in the descent rates. It occurred when there was both a faster and slower moving flow unit involved. If it 
was only one type of behavior that was dominating, then the other value would not have been significantly different 
than the reference case.  
Looking more closely at the data, the relationship between passing and other attributes of the population indicate 
that the first persons in passing flow units are acting with a greater sense of urgency. There was a stronger than 
expected correlation for the first person to have had a shorter pre-observation time (the time before the individual 
was first recorded as being within the stair) than the other flow units. This was independent of the length of travel 
that the person had had within the stair. Because this was a total building evacuation, all building occupants were 
notified of the need to leave the building simultaneously. This means that time since the alarm is the same for the 
individuals that are passing and those that are being passed. However the people that went to the stair in the shortest 
amount of time were more likely to be passing the people from lower floors. Thus, the decision to pass or not seems 
to be based on both the difference in the descent rate of the other flow unit as well as the sense of urgency that the 
individual experiences. 
The passing behavior was relatively rare in this study. Approximately 8% of the data points where the individual 
had the chance to pass did the person do so. This is in agreement with the observations in previous studies that 
people during building evacuations tend to be altruistic and patient. A large majority of the building population 
chose to descend at the rate of the person ahead of them regardless of their ability to descend at a faster rate. 
While the sense of urgency appears to be an intrinsic characteristic of the individual that is constant throughout 
the drill, it is unknown if the urgency level would change if it were a real fire. Proulx et al. (1996) found that the 
people that thought that a drill was a real fire did not engage in significantly different activities. However in some 
real fires people that have taken longer to evacuate were found to behave in a more urgent manner (Tubbs and 
Meacham (2007)). It is possible that the lack of fire cues leads to people behaving in their normal manner, but the 
introduction of life-threatening conditions causes a greater sense of urgency for all people. 
For the flow units that were allowing merging, the decrease in descent rate is likely caused by the need to slow 
down to let the merging population enter the flow. Their decrease in descent rate was significantly less than the 
people being passed. There were no characteristics of the people that allowed merging compared to those that did 
not. It is not clear if this was due to the relatively small amount of merging that happened or if allowing merging is 
more of a societal norm. 
Based on the results of this study, a majority of building occupants on stairs are followers. They choose to 
descend at the rate of the person ahead of them and remain in that position for the duration of the evacuation. A 
fraction of the building occupants actually set the pace for the remainder of the population. These individuals 
descend at different rates based on their interactions with the people around them. The people that are experiencing 
more urgency and encounter slower moving people engage in passing behavior. Other flow units that are moving 
faster than the ones ahead of them simply merge with the slower moving flow unit. There are also people that allow 
people to merge into flow even though that results in them taking more time to evacuate. Finally, the slower moving 
people are passed. 
There are several key factors that must be considered when applying the concept of flow units to simulation 
models. First, the followers must be separated from the first persons in the flow units. Once this has been 
accomplished, then proper designations of the flow units will result in better predictions. 
As was shown, the followers descend at the same rate as the first person in the flow unit. Developing correlations 
that include all of these data points is merely weighting the descent rate of the first person based on the number of 
building occupants that end up behind them. It is likely for this reason that density is a relatively poor predictor of 
speed for most individuals and why studies have found conflicting results regarding the differences in speeds for 
various subpopulations. 
One approach that has been done that addresses part of this issue was used by Shields et al. (1997). In their paper 
they proposed two different correlations, one for before a disabled occupant and one for after the disabled occupant. 
While there was some recognition of different conditions within the overall flow, this method still grouped followers 
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and first persons in flow units together. An alternate approach would have been to develop a single correlation based 
on the pace setters and then assume that the followers would descend at that pace. 
With the characteristics of the occupants that happen to be caught behind the slower moving occupant being 
random, an analysis of occupant characteristics could miss important characteristics of slower moving occupants. 
For example, if all of the first persons in flow units share one common characteristic and it is randomly distributed 
amongst the followers, whether it appears significant or not will depend on the ratio of the two types of populations. 
Because the followers are not setting their own pace, understanding the dynamics influencing the first person will 
provide insight into the actual cause of the descent rate. When developing correlations for descent rate, the analysis 
should be limited to just the first persons in flow units. 
For computer simulations the behaviors that lead to the formation of flow units can be assigned to each simulated 
occupant. The followers can be incorporated by having them match the descent rate of the occupant ahead of them as 
is done in transportation models that utilize car following. An urgency variable can be assigned that will lead those 
individuals to have shorter pre-evacuation times and be more likely to be engaging in passing behavior. However the 
majority of the occupants should be assigned behaviors of following, allowing merging, and other similar type 
actions that accommodate the needs of other people. 
Simulation models need to account for the interactions that building occupants have with each other. Rather than 
each individual making a decision based on the density around them, they typically match the speed of the person 
that is ahead of them.  
7. Conclusion 
Previous studies have predicted movement speed on stairs based on density alone. This was based on the 
assumption that all people would be able to move solely based on the density of people around them. People were 
assumed to be no different than fluid flowing through a pipe. However people interact with one another in ways that 
fluid particles do not. They interact with the other people and decide what is the best choice to be made both in terms 
of their own needs and the needs of others. 
In this study, the ways that people interact was found to influence their evacuation speed more than density. It 
was shown that the flow can be divided into flow units based on occupant behaviors and spacing. Within each flow 
unit, all occupants are descending at the same rate regardless of the density that they are experiencing. Thus, what 
the person ahead of them was doing was more significant in determining their speed than the density was. 
Most of the people that evacuated tended to stay with the people that were ahead of them and not try to pass 
others even if there was an opportunity to do so. Some people even slowed their evacuation in order to allow people 
from other floors to enter the stairs. However there were a relatively small number of building occupants that were 
acting in a more urgent manner. These people evacuated very quickly and then engaged in passing behavior. 
Whether a person was urgent or not was a constant throughout the evacuation drill. In the event of actual fire cues 
this might not be the case. 
For model developers, it is important to understand the limitations and applicability of the data sets. When 
evaluating data, the followers need to be separated from the occupants that are setting the pace. This will allow for 
correlations that more accurately reflect the factors that are influencing the movement down stairs (and potentially 
other egress components). By accounting for these interactions, there will be an improvement in the accuracy of 
models when compared to simply using the density correlations. Also, by examining multiple scenarios it will be 
possible to determine how the distribution of the different occupants could impact the evacuation time for the entire 
building. 
Future research can attempt to identify if there are more types of flow units than identified here (passing, passed, 
allowing entering, congestion, and free-flow) and refine the methods used to define flow units. It is possible that 
there are other interactions between people that lead to the formation of flow units. Two of the most likely instances 
is people that are travelling with individuals that they know before the evacuation and aiding a person that is having 
difficulty descending. 
Also, how the flow units form and change over the course of the evacuation can be examined. While one 
characteristic (pre-observation time) was found to be significant for people engaging in passing behavior, there are 
likely other characteristics that lead to people being more likely to be engaging in other behaviors. By identifying 
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these characteristics, it will be possible to better simulate the dynamics that underlie flow units. It will also be 
important to understand how behaviors will be different during an actual fire. With the introduction of fire cues, 
there could be a greater sense of urgency experienced by more people. 
In addition, more research is needed to see if flow units exist on other egress components. The stairs in this study 
were wide enough to fit two people across. This is fairly typical for stairs in buildings. For wider egress components 
like corridors it could be that different behaviors are observed and there could be different types of flow units that 
develop.  
Flow units were found to be an important factor to consider for the building evacuations in this study. As people 
descend stairs, the flow did not appear to be completely analogous to particles that respond only to the density that 
they are experiencing. Instead, flow units form based on the spacing to other occupants and the behaviors that 
individuals engage in. Once the flow unit is established, it is possible to predict the descent rate of the building 
occupants. Within the flow unit, the descent rate for all members is basically the same. The followers go at the pace 
of the individual ahead of them. 
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